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Herein, we report on the effect of a high gravity field on metal-free catalytic reduction, taking the
nitrobenzene (NB) reduction and methylene blue (MB) degradation as model reactions in a high-
gravity rotating tube reactor packed with three-dimensional (3D) nitrogen-doped graphene foam
(NGF) as a metal-free catalyst. The apparent rate constant (kapp) of the metal-free catalytic reduction
of NB in the rotating tube reactor under a high gravity level of 6484g (g = 9.81 m�s�2) was six times
greater than that in a conventional stirred reactor (STR) under gravity. Computational fluid dynamics
(CFD) simulations indicated that the improvement of the catalytic efficiency was attributed to the much
higher turbulent kinetic energy and faster surface renewal rate in the high-gravity tube reactor in com-
parison with those in a conventional STR. The structure of the 3D metal-free catalysts was stable during
the reaction process under a high gravity field, as confirmed by X-ray photoelectron spectroscopy (XPS)
and Raman spectra. In the other model reaction, the rate of MB degradation also increased as the high
gravity level increased gradually, which aligns with the result for the NB catalytic reduction system.
These results demonstrate the potential to use a high-gravity rotating packed tube reactor for the process
intensification of metal-free catalytic reduction reactions.

� 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Carbon-based metal-free catalysts have attracted considerable
attention in both academic and industrial research due to their
low cost and eco-friendly properties [1–3]. By doping carbon nano-
materials with heteroatoms, the chemical activities of nanomateri-
als can be tuned due to electron reassignment, leading to many
novel applications [4–6]. In particular, with the development of
green chemistry and sustainable chemistry, metal-free carbon-
based catalysts have been found to have great potential for replac-
ing traditional metal catalysts in some typical industrial reactions
[7,8]. Although laboratory research on carbon-based metal-free
catalysts has achieved great successes, huge challenges remain
for the industrial trials and practical applications of such catalysts
[9]. Compared with those of metal matrix catalysts, the catalytic
efficiencies of metal-free catalysts are lower in many cases [6].
Researchers have argued that this is due not only to the chemically
active center status at the atomic level, but also to the physical
structure of the catalysts, which directly affects the micromixing
status in different phases in a reaction system, and thus influences
the final activity of the catalyst [10]. Therefore, apart from intrinsic
structural optimization of catalysts, the coupling between the cat-
alyst and reactor is an important topic of research for industrial
catalytic reactions.

Process intensification (PI) technologies based on modular
chemical processing [11] and the use of external files, such as
microwave [12], magnetic [13], and light [14], have recently
attracted considerable attention in chemical engineering. Among
them, the introduction of a high gravity field into the chemical pro-
cess has been demonstrated to be an efficient approach for the
intensification of micromixing and mass transfer [15]. Along
with other researchers, our group has successfully applied
high-gravity-assisted technologies for nanoparticles production
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[16–18], gas purification [19], and organic synthesis [20]. It is gen-
erally accepted that the high-gravity environment generated by
the centrifugal force coupled with the porous packing in a reactor
is beneficial for enhancing micromixing conditions and the mass-
transfer effect, resulting in high-quality products [21–23]. Zhang
et al. [24] measured hydrodynamic performance and mass-
transfer efficiency by using porous nickel foam as the packing in
a distillation column, and found that the mass-transfer efficiency
of the nickel foam packing was 40% higher than that of traditional
stainless-steel wire-mesh packing. Another type of porous packing,
ceramic foam, was used in a cyclohexane/n-heptane system at
atmospheric pressure under total reflux; the liquid hold-up was
found to be greater than that using other classical packing materi-
als and the performance of the mass transfer was excellent, with a
height equivalent to a theoretical plate of 0.2 m due to the increas-
ing gas and liquid superficial velocities inside the packing [25].

In this work, we report on the behaviors of the metal-free cat-
alytic reduction of nitrobenzene (NB) under a high gravity field
in a high-gravity tube reactor. Macroscopic three-dimensional
(3D) nitrogen-doped graphene foam (NGF), which was prepared
by the hydrothermal treatment of the aqueous dispersion of gra-
phene oxides (GO) and urea, was used as the metal-free catalyst
for both NB reduction and methylene blue (MB) degradation under
a high gravity field in a rotating tube reactor. The stable perfor-
mance of the 3D metal-free catalyst was measured using X-ray
photoelectron and Raman spectra. These results demonstrate the
potential to use high-gravity technology for the intensification of
metal-free catalytic reactions.
2. Materials and methods

2.1. Preparation of 3D NGF

The GO was produced by a modified Hummers’ method [26].
Typically, 50 mg GO, 2 mL of urea solution, and 25 mL of deionized
water were sealed in a 50 mL Teflon-lined stainless autoclave and
heated to 180 �C for 12 h to form nitrogen graphene sheets (NGS).
The obtained NGS were then washed with water. After the auto-
clave naturally cooled to room temperature, the bulk NGF was
washed with deionized water and then freeze-dried for 56 h. The
sample was pre-frozen at �50 �C for 5 h. Afterward, the pressure
was decreased to 1.1 Pa and the freeze-dryer was heat up to 25
�C, increasing at a rate of 1 �C�h�1 for 20 h, 1.25 �C�h�1 for 16 h,
1 �C�h�1 for 10 h, and 5 �C�h�1 for 5 h.

2.2. Material characterization.

Morphology and microstructure studies were performed with a
Hitachi S-4700 field-emission scanning electron microscope (SEM)
and a Hitachi H-9500 high-resolution transmission electron micro-
scope (HRTEM). Fourier-transform infrared (FTIR) spectra were
recorded on a Thermo Fisher spectrum Nicolet 6700 FTIR system.
X-ray photoelectron spectroscopy (XPS) results were obtained
using a VG Microtech ESCA 2000. Raman spectra were procured
on a Raman spectrometer (Renishaw) excited with a 514 nm laser.

2.3. Catalytic reaction under high gravity field

For the hydrogenation of the NB catalytic reaction, a 7 mL mix-
ture containing 2 mmol NaBH4 and 0.02 mmol NB was added to a
tube reactor filled with 3D structured NGF as a catalyst (6 mg). The
NGF was shaped as cylinders of 10 mm in diameter and 15 mm in
height. The reactor was then put into a high-speed centrifuge
(Changsha Xiangyi Instrument Co., Ltd., H-1850). By adjusting the
rotational speed, the metal-free catalytic reduction of NB pro-
gressed under various high gravity fields. A Shimadzu ultraviolet
(UV)–visible (Vis) spectra (UV-2600) was used to monitor the
absorbance of NB in the mixture and the components of the reac-
tion products were analyzed by high-performance liquid chro-
matography (HPLC) (Water 2695). The absorbance spectra were
measured with a W2996 photodiode array detector. For the studies
of the MB degradation process, a 7 mL mixture containing 2 mmol
NaBH4 and 0.02 mmol MB was added in a tube reactor filled with
3D structured NGF as a catalyst (6 mg). These reactions were
allowed to progress under the same aforementioned high gravity
fields, and the degradation process was monitored by measuring
the absorbance spectra of the MB. For comparison experiments,
reactions were also conducted in the conventional stirred reactor
(STR) without a high gravity field, while maintaining the other con-
ditions of the following procedures identical to those used under
the high gravity field.

2.4. Calculation of the high gravity level

As the mass transfer and mixing conditions are enhanced by the
centrifugal force in the reactor, the mixture’s status, such as shape
(liquid films, liquid ligaments, droplets) distribution, mass-transfer
interfacial area, and surface renewal rate, changed under various
high gravity conditions. Here, a high gravity level (G), which
reflects the high gravity field by values relative to gravitational
acceleration g (g = 9.81 m�s�2), is defined to describe the relation
between the catalytic reaction effect and the high gravity field. It
can be calculated using the following equation:

G ¼ 2pN
60

� �
� R=g ð1Þ

where R is the rotating radius of the mixture, N is the rotating speed
of the reactor, and g is gravitational acceleration.
3. Results and discussion

Hydrothermal treatment of GO and urea at 180 �C is a relatively
mild and economically sound method for the doping of nitrogen
atoms into a graphene plane structure [27]. The high pressure pro-
duced by the solvent vapor during the synthesis process reinte-
grates the dispersive graphene sheets and forms cylinder-like
shapes. After being cooled to room temperature and washed with
a large amount of deionized water, the bulk NGF was filled with
liquid in the internal hole-channel. The pores in the NGF shrunk
as the liquid evaporated during direct drying in the oven, resulting
in a small volume and a decreased pore diameter of the NGF. How-
ever, a freeze-dry treatment was used to remove the remnant liq-
uid while leaving the appearance and mechanical strength of the
NGF unchanged (Fig. S1). Fig. 1(a) shows the porous structure of
the NGF, with a pore size ranging from several to dozens of
nanometers; this distribution was further verified by Brunauer–
Emmett–Teller (BET) characterization. In Fig. 1(b), the SEM image
displays the typical structure and morphology of transparent
NGF with wrinkled and voile-like features. Meanwhile, a combina-
tion of the SEM and transmission electron microscope (TEM)
images reveals that the 3D structure of the NGF was made up of
extremely thin graphene sheets (Fig. 1(c)). The HRTEM image
shows the NGF crystalline structure with a lattice spacing of
0.32 nm, which was attributed to the (102) facet of graphite [7].
The corresponding element mapping of SEM images indicate that
the C, N, and O elements are uniformly distributed at mesoscale
(Figs. 1(e–h)).

Fig. 2(a) shows the FTIR spectrum of NGF, with characteristic
peaks of C–N and C=N at 1167 and 1380 cm�1, respectively [28],
which demonstrate that the nitrogen atoms were successfully



Fig. 1. Appearance of the NGF catalyst. (a) The optical microscope image displays the porous structure of the NGF and the inset digital photograph shows a macroscopic
regular cylinder-like shape; (b) SEM image of NGF; (c, d) TEM images; (e) SEM image corresponding element mapping images for (f) C, (g) N, and (h) O show a uniform
distribution of the elements at mesoscale.

Fig. 2. Chemical construction of the NGF catalyst. (a) FTIR spectrum, (b) Raman spectra, and (c) XPS survey of the NGF; (d–f) high-resolution C1s, N1s, and O1s spectra of the
NGF. GOF: graphene oxide foam.
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doping in the graphene sheet. The thermogravimetric analysis
(TGA) curves in Fig. S2 show the weight loss of NGF under thermal
air conditions; the weight losses between 200 and 550 �C and 550
and 650 �C were attributed to the pyrolysis of oxygen-containing
groups and to the burning of NGF, respectively [29]. To verify the
change in defect degree due to nitrogen atom doping, Raman anal-
ysis was conduct before and after the doping process. As shown in
Fig. 2(b), the most characteristic feature is that a 10 cm�1 blue shift
exists for the G band of the N-doped graphene, in comparison with
the GO films [30]. The D band (Raman shift of 1355 cm�1) and G
band (Raman shift of 1600 cm�1) represent the level of defect
and ideality of the graphene sheet, respectively. A higher ratio of
D to G band intensities (ID/IG) for NGF (ratio of 1.12) than for GO
(ratio of 0.91) indicates increasing defects of the graphene sheet
after the N-doping process [31]. Moreover, apart from the D band
and G band, there are two excrescent peaks for NGF at about
1450 and 1265 cm�1, which indicate the increment of amorphous
carbon due to the doping of heteroatoms (Fig. S3) [32]. The chemi-
cal composition analyses of NGF and graphene oxide foam (GOF)
were further analyzed by XPS; the results are shown in Fig. 2(c).
It is clear that the NGF sample exhibits N1s peaks at about
400 eV with an atomic percentage of 7.23%. Conversely, there are
no significant N peaks in the GO sheet sample, which indicates
the doping of nitrogen atoms in the graphene structure. The carbon
atom percentage increased and the oxygen atom percentage
decreased for the NGF sample compared with the GO sheet, which
was due to the reduction of GO during the nitrogen-doping pro-
cess. Fig. 2(d) shows that the C1s peak can be decomposed into
four peaks at about 284.9, 286.0, 287.1, and 288.2 eV, correspond-
ing to the graphite sp2 C, N-sp2 C, N-sp3 C, and C=O bond, respec-
tively. Fig. 2(e) shows the high-resolution XPS N1s peak of NGF,
which can be separated into three components at 398.2, 399.6,
and 401.3 eV, corresponding to pyridinic, pyrrolic, and graphitic
nitrogen, respectively (Fig. S4). The relative amount is in good
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agreement with the results of the theoretical calculation of doping
energy (Table S1). The O1s band in Fig. 2(f) includes two peaks at
531.8 and 532.6 eV for C=O and C–O, respectively. The BET specific
surface area of the NGF was measured to be 189 m2�g�1 (Fig. S5(a)).
The type-IV isotherm curve with an obvious hysteresis confirms
the presence of mesopores. The rapid N2 uptake (P/P0 > 0.9) is attri-
butable to the existence of much larger pores in the NGF. Barrett–
Joyner–Halenda (BJH) pore-size distributions examined by N2 des-
orption confirm that the main mesopores have diameters between
2 and 40 nm [33].

The chemical properties of NGF were simulated by density
functional theory (DFT) theoretical calculation. As shown in
Fig. S6, the charge density was uniformly distributed on the gra-
phene from the charge density difference and charge density
isopycnal. However, the distribution of the charge density was dis-
turbed (Figs. S6(c)–(h)) when nitrogen atoms were doped into the
graphene molecule structure. Three kinds of N atoms (graphite N,
pyridinic N, and pyrrolic N) were simulated according to the XPS
data. The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of different models are
shown in Fig. S7. The main change between the intrinsic graphene
and the doped graphene is that the LUMO number increased due to
the introduction of nitrogen, which results in better electron-
accepting ability of the nitrogen-doped graphene. In addition, the
doping energy (Edoping) of graphite N, pyridinic N, and pyrrolic N
were calculated and are listed in Table S1. The results show that
the pyrrolic N needs the lowest doping energy, which indicates
the greatest possibility for pyrrolic N to be introduced into the gra-
phene molecule in comparison with the other two kinds of N
atoms.

To explore the ability of NGF as a catalyst for liquid-phase
hydrogenation under various conditions, the reduction of NB to
aniline (AB) by NaBH4 was chosen as a model reaction. Fig. 3(a)
shows the UV/Vis spectra during the NB reduction process with
the NGF; it is apparent that a characteristic absorbance peak of
AB at around 232 nm rises as the characteristic absorbance peak
of NB at around 267 nm decreases, indicating that the NB is grad-
ually reduced to AB, when compared with the UV/Vis spectrogram
of the origin NB and AB (Fig. S8). After 32 min, the adsorption peak
of the NB verge stabilizes, indicating that the reaction proceeded to
completion. It is noted that an isosbestic point at about 243 nm
indicates the only conversion process without producing any
byproducts [34]. HPLC analysis also showed that 99% of the NB
was converted to AB when the reaction process was completed
(Table S2). However, as shown in Fig. S9, in the absence of the cat-
alyst, the NB typical absorption peak at 267 nm is slightly
decreased and no AB absorption peak can be observed for a long
Fig. 3. The catalytic performance evaluation for NGF. (a) UV/Vis spectra of the reaction so
was carried out at room temperature with 6 mg NGF catalyst presence and 7 mL reactan
every 2 min.
time (2 h). This indicates that the reduction reaction barely pro-
ceeds without the catalyst, with the slight decrease of NB being
accredited to its volatilization in air. However, a rapid decrease
occurs in the concentration of NB, although no AB peak arises, as
the GOF is added into the reactant solution; this is attributed to
the strong adsorption of NB by graphene oxide (Fig. S9).

As the concentration of the reductant NaBH4 is fairly excessive
for the reactants in the reaction solution (CNB:CNaBH4

= 1:100), the
reactions obey pseudo-first-order kinetics throughout this study.
The value of the apparent kinetic rate constant (kapp) for this reac-
tion can be calculated by the following equation [35]:

ln
At

A0

� �
¼ ln

C
C0

� �
¼ �kapp � t ð1Þ

where At and A0 are the absorption peaks of NB at any time t and at
0 min, respectively, and C and C0 are the concentration of NB in the
solution corresponding to At and A0, respectively. The kapp (value of
0.0314 min�1) of the reduction of NB under room temperature and
pressure conditions can be calculated from the slope of the curve-
fitting line by the plot of ln(C/C0) versus reaction time (Fig. 3(b)).
Furthermore, the specific rate constant of NGF under these condi-
tions was calculated as 8.49 � 10–6 mol�(L�s�g)–1, which is compara-
ble with the work (8.33 � 10–6 mol�(L�s�g)–1) of Hu et al. [36].

Fig. 4(a) shows the process for the metal-free reaction system
under high gravity. Typically, 6 mg 3D NGF was packed in a tube
reactor; 7 mL reactant mixture was then added, containing 2 mmol
NaBH4 and 0.02 mmol NB. Different high gravity fields were
produced by high-speed centrifuge at varied rotational speeds.
Fig. 4(b) displays the values of ln(C/C0) versus reaction time at
different high gravity levels (G); the different reaction rates under
different high gravity conditions are shown in Fig. 4(c). It can be
seen that the kapp of NB increases as the value of G rises, and the
maximal value of kapp is about six times higher (kapp = 0.1545min�1)
at a high gravity level of 6484g (g = 9.81 m�s�2) than in a conven-
tional reactor. The reaction was also conducted under a high grav-
ity field of 6484g without using NGF catalyst. As shown in Fig. S10,
the result is similar to that of the reaction system without a cata-
lyst under normal gravity; that is, the reduction reaction can barely
proceed without the catalyst even under a high gravity field.
Fig. S11 and Fig. 4(d) show the velocity vector distribution and fil-
ament line of the reactant mixture simulated by computational
fluid dynamics (CFD), respectively. The flow condition of the liquid
decomposes into a radial direction rate and a tangential rate rela-
tive to the rotation of the plane for the reaction space, and the
radial direction rate can be seen to increase as the value of G rises
by comparing the size of the vector velocity line (Fig. S11), which
lution; (b) curves of ln(C/C0) as a function of time. Reaction conditions: The reaction
t mixture with an original ratio of CNB:CNaBH4

, =1:100, and was measured by UV/Vis



Fig. 4. The reduction of nitrobenzene by NGF under a high gravity field. (a) Schematic diagram of the reaction under a high gravity field; (b) ln(C/C0) at a wavelength of
267 nm versus reaction time at different high gravity levels (G); (c) degradation rate of NB and generation rate of AB versus different G; (d) filament line of the reactant
mixture simulated by CFD at different high gravity levels (the legend on the left represents the rate (m∙s�1) of the mixture in the rotating tube reactor).
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results in strong turbulence of the mixture in the rotating tube
reactor. Due to the strong centrifugal force that is provided by
the rotating process, the reactant liquid disintegrates and collides
with the bulk porous NGF catalyst in both the radial direction
and the tangential direction. This process can greatly increase the
chance of contact between the reactant molecules and catalyst,
which results in intensification of the adsorption and reaction of
the catalytic reduction system.

However, the production rate of AB (kAB) increased with the
value of G from 1g to 1621g, and then decreased with further
increasing G. The reduction of aromatics normally follows the
Langmuir–Hinshelwood mechanism, according to previous studies
[37,38]. Taking this into consideration, we suppose that the cat-
alytic reduction of the aromatic initiates the prior adsorption of
NaBH4, and then NB is absorbed on the surface of the solid catalyst.
The surface-active hydrogen species, which is formed by the
decomposition of NaBH4, then reacts with the subsequently
adsorbed NB on the surface of the NGF to generate the target prod-
ucts. In the meantime, the surface-active hydrogen species also
decomposes into hydrogen and water, and finally leaves the reac-
tion system. Taking all of this into consideration, there are two pos-
sible reasons for the decreasing generation rate of the target
products: the decomposition of NaBH4 and the competitive
adsorption between NB and NaBH4. However, as shown in Fig. 4,
the concentration of NB decreased as the absorption and catalytic
reaction intensified when the high gravity level (G) rose. Therefore,
the decomposition of NaBH4 is the main reason for the decreasing
generation rate of AB. When the reactants were under a relatively
low level of high gravity (i.e., lower than 1621g), the formation of
the active hydrogen species was rapid and the decomposition rate
of NaBH4 over NB was milder, which ensured enough reactive
hydrogen species for NB and sufficient time for the surface reaction
to occur before the NaBH4 decomposed. When the high gravity
level was increased further (up to 6486g), the decomposition rate
of NaBH4 over NB was much faster, and there was not enough time
for the active hydrogen to reduce NB into AB, resulting in a low
generation rate of the target product.

The chemical construction of the NGF after the reaction was
examined by XPS and Raman spectra; as shown in Fig. 5, there
are no obvious differences between the original NGF and the cata-
lyst after the reaction, indicating that the 3D bulk nanocarbon cat-
alyst was stable during the catalytic reaction process. The excellent
physical-structure stability of NGF shows its potential for applica-
tions of monolithic packing in rotating packing bed (RPB) reactors,
a high-gravity equipment mentioned above, which have an inten-
sification mechanism similar to the high gravity field study in this
work. Our group has studied mass-transfer processes and scale-up
laws for many years. Wang et al. [10] conducted the catalytic oxi-
dation of benzylic alcohols in an RPB reactor, and the results
showed that the conversion of benzylic alcohols increased from
5.56% (in conventional STR) to 20.86% (in RPB) even in a scale-up
level. Up to now, the RPB has been applied to industrial production,
but the gravity level is still limited (less than 1000g); the present
work provides a new method to achieve a higher gravity level



Fig. 5. Stability performance of NGF. (a) Raman spectra; (b) element ratio of NGF measured by XPS before and after the reaction (where ‘‘#1,” ‘‘#2,” and ‘‘#3” represent the
NGF catalyst of the original, after reacting under a normal gravity field, and after reacting under a high gravity (Higee) field, respectively).
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and shows great potential for ultra-high gravity intensification
applications in metal-free catalytic reactions.

Furthermore, the catalytic degradation of MB, an important
reaction for environmental protection, was also operated in a
high-gravity environment to verify the trend of intensification.
The UV–Vis spectra of the MB reduction process are shown in
Fig. S12, and the decreasing trend of the absorption intensity at
about 665 nm indicates the reduction of MB. In the kinetics study,
the relative absorbance of the band at 665 nm was plotted as a
function of time to evaluate the reduction reaction rate. In order
to exclude the influence of sunlight, we first carried out the degra-
dation reaction of MB under five different conditions: pure MB
stewing under sunlight, MB stewing under sunlight with NaBH4,
MB stewing under sunlight with NaBH4 and NGF, MB stewing in
the dark with NaBH4, and MB stewing in the dark with NaBH4

and NGF (Fig. S13). The results indicate that sunlight has almost
no effect on the process of MB degradation, and the reaction barely
proceeded without the NGF catalyst. Taking both the degree of fit-
ting and the reaction mechanism into consideration, first-order
kinetics is the most suitable. Thus, in subsequent work, the error
result from the sunlight was ignored and first-order kinetics was
chosen for further analysis. Regarding the influence of the high
gravity field, Fig. 6(a) shows the ln(C/C0) of the reaction mixture
after reacting for 1 h under six different reaction conditions. When
there is no NGF catalyst in the reaction mixture, the MB will not
degrade, regardless of whether or not NaBH4 is added, under the
high gravity conditions. Comparing the reaction rate of Sample
#3 (or Sample #4) with that of Sample #5 (or Sample #6) in
Fig. 6(b) reveals that the degradation rates of MB show a sharp
increase when the reaction occurs under high-gravity conditions.
Fig. 7 shows the rate of MB degradation increasing as the high
Fig. 6. Degradation reaction of MB under different conditions. (a) ln(C/C0) versus time; (
rotating speed of 5000 r�min�1 and ‘‘R” represents the existence of the reductant).
gravity level gradually increases, which agrees with the results of
the NB catalytic reduction system. In particular, a slight difference
in the increasing rate of the reaction along the G between two reac-
tion systems is due to the different ability of adsorption for reac-
tants on the NGF catalyst. For the NB system, the reductant was
adsorbed onto the active site prior to the adsorption of NB mole-
cules; thus, the NaBH4 was adequate for the reaction to proceed,
resulting in a sharp rate increase under a lower level of high gravity
field. However, for the reduction of MB, the reactant molecules
may be protonated to form protonated and cationic species in
order to form reduced and protonated leuco-MB. As soon as NaBH4

provides electrons to the catalyst, the generated radicals react with
the functional group of the adsorbed MB; this means that the MB
molecules and the NaBH4 reductant are adsorbed simultaneously
onto the surface of NGF, resulting in a lower increase in the rate
in a lower gravity field but a rapid increase in the rate in a high
gravity field [39].
4. Conclusions

3D bulk NGF was prepared by a hydrothermal method and
exhibited high performance as a catalyst for NB reduction and
MB degradation. Compared with traditional powder catalysts, 3D
bulk catalysts are more convenient to separate from the products
and more promising for industrial applications. The metal-free cat-
alyst was then used as packing under high-gravity conditions in a
rotating tube reactor. The apparent rate constant (kapp) of the
reduced reaction in the rotating tube reactor (high gravity level
of 6484g) was more than six times greater than that in a conven-
tional reactor. The excellent catalytic efficiency of the NGF catalyst
b) degradation rate under different reaction conditions (where ‘‘5k” represents the



Fig. 7. Reduction of MB by NGF catalyst under a high gravity field. (a) ln(C/C0) at a wavelength of 664 nm versus reaction time at different G; (b) degradation rate of MB versus
different G.

686 Z. Wang et al. / Engineering 6 (2020) 680–687
under a high gravity field demonstrates the potential to use high-
gravity technology for the intensification of metal-free catalytic
reactions.
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